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ABSTRACT 

/ + / F F  
Magnesia-stabil ized z i r con ia  foams have been produced, which 
have a f i r e d  s t r e n g t h  of 700 t o  800 p s i ,  an e i g h t f o l d  inc rease  
over t h e  best s t r e n g t h  previously obtained. As a r e s u l t  of 
t h i s  improvement, it has been poss ib l e  t o  ob ta in  thermal con- 
d u c t i v i t y  d a t a  t o  250OOC (4532OF) 8 a temperature approaching 
t h e  melting p o i n t  of t h i s  composition. 
of hea t  t r a n s f e r  a t  temperatures above 3000OF seems t o  be almost 
as e f f e c t i v e l y  minimized by s c a t t e r i n g  from t h e  p a r t i c l e  and 
pore su r faces  themselves as by metallic or barrier phase addi- 
t i v e s .  

The r a d i a t i o n  component 

I 

Program f o r  t h e  f i n a l  q u a r t e r  w i l l  inc lude  opt imiza t ion  of 
d e n s i t y  and s t r e n g t h ,  f u r t h e r  work on metall ic r e f l e c t o r s ,  and 
improvements i n  p r e c i s i o n  of thermal conduct iv i ty  data .  

Report prepared by: 
D r l  W. C. Al len  

Approved by: 
D r .  W. A. T a q b e l  
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1. INTRODUCTION 

This  i s  t h e  Third Quar t e r ly  Report on Contract  NASw-1197, 

e n t i t l e d  "Research on Thermal Transfer Phenomena. 'I T h i s  program 

i s  a cont inua t ion  of w o r k  performed on Contract  NASr-99 (Apr i l ,  

1962-December , 1963) and Contract NASw-884 (January-December , 

1964) , both e n t i t l e d  "Research on Low Density Thermal I n s u l a t i o n  

Materials for U s e  Above 3 0 0 0 ° F . "  

1.1 Purpose of t h e  Proqram 

Low d e n s i t y  c e r a r i c  i n s u l a t i o n  materials have long been 

considered t o  l o s e  e f f i c i e n c y  as  thermal i n s u l a t o r s ,  above 2 4 0 0 ° F ,  

because of h e a t  t r a n s f e r  through t h e  pores by r ad ia t ion .  An 

object of t h i s  program has  been  t o  study the  reduct ion  of t h i s  

r a d i a t i o n  (photon) con t r ibu t ion  t o  thermal  conduct iv i ty  by in-  

co rpora t ing  a r a d i a t i o n  barrier phase i n t o  a porous s t r u c t u r e .  

Mechanisms which w e r e  t o  be inves t iga t ed  include absorpt ion and 

r e - r a d i a t i o n  by embedded p a r t i c l e s ,  s c a t t e r i n g  by_ incorporated 

phases ,  and r e f l e c t i o n  by metallic f i l m  r a d i a t i o n  barriers. 

1 . 2  Summary of Previous Work 

Under Cont rac t  NASr-99, l ightweight  porous bodies  w e r e  

developed f r o m  s e v e r a l  pure r e f r a c t o r y  oxides ,  inc luding  Zr02 

and M g O ,  and phys ica l  p roper ty  d a t a  compiled. Equipment w a s  

designed and b u i l t  t o  measure thermal  conduct iv i ty  t o  temperatures 

i n  t h e  range 250OOC (45OOOF). Development work has  been 
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concent ra ted  on c a l c i a - s t a b i l i z e d  'Zr02 foan s t r u c t u r e s .  The 

p r o p e r t i e s  of bodies conta in ing  d i spe r sed  r a d i a t i o n  barriers 

such as carbonaceous material and xetal l ic  i n c l u s i o n s  w e r e  

compared wi th  those  of t h e  Sasic m t r i x  compositio2. 

Proper ty  l i m i t a t i o n s  of oxide r a w  materials intended for  

u s e  above 4003'F w e r e  m e t  and overcame. At tenuat ion  of t he  

thermal  r a d i a t i o n  component by  carbon-base phases  was shorn t o  

5e l i m i t e d .  However, t h e  incorpora t ion  of r e f r a c t o r y  m t a l  

r e f l e c t i n g  phases  w i t h i n  t h e  cera-nic mat r ix  ap;?eared p roa i s ing .  

Under Cont rac t  NASw-884, t h i s  l a t t e r  improvement i n  h e a t  

t r a n s f e r  by  metall ic phases  w a s  confirmed, t h e  p l a c e s e n t  and 

d i s p e r s i o n  of t h e  r a d i a t i o n  barrier having a c r i t i ca l  inf luence .  

The v a l i d i t y  of t h e  thermal  conduct iv i ty  d a t a  w a s  conf irmid by 

comparative t e s t i n g  a t  o the r  l abora to r i e s .  Fur ther  nmterial l i m i -  

t a t i o n s  i n  t h e  upper temperature range w e r e  e x o m t e r e d ,  and 

e f f o r t  w a s  d i r e c t e d  toward t h e  improvement of s t r u c t u r a l  s t a b i l i t y  

of t h e  ceramic foaii mat r ix  a t  high t enpe ra tu res .  

1.3 groqrarn Tas'k' 

The o b j e c t i v e s  of t h e  p re sen t  c o n t r a c t  comprise t h e  follow- 

i n g  t w o  tasks: 

Task A - Research on Coinposite I n s u l a t i o n  Leading t o  
Inc reased  R e l i a b i l i t y  i n  Thermal Measurements 

Four approaches w e r e  ox t l i ned  .1s p o s s i b l e  means of improving 
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t h e  s t r e n g t h  of t h e  c a l c i a - s t a b i l i z e d  Z r O Z  foam s t r u c t u r e s :  re in-  

forcement wi th  s t a b i l i z e d  z i rconia  fibers: incorpora t ion  of 

metallic zirconium; maximization of p a r t i c l e  con tac t  by c o n t r o l  

of p a r t i c l e  s i z e  d i s t r i b u t i o n ;  and development of metall ic 

coa t ings  and s t rengtheners .  Experiments w i t h  t h e  f i r s t  t w o  ap- 

proaches show no s i g n i f i c a n t  e f f e c t ,  b u t  t h e  l a t te r  t w o  approaches 

appear promising, 

Task B - F i n a l i z a t i o n  of Stat ic  Comparative Measurements 

Composites prepared according t o  one or two of t h e  most 

promising approaches ou t l ined  above a r e  t o  be measured f o r  thermal 

conduc t iv i ty  up t o  4500°F. 

2, LITERATURE REVIEW 

A new re fe rence  (l) has j u s t  come t o  hand, which i s  p e r t i n e n t  

t o  t h i s  con t r ac t .  The author  states t h a t  "at  temperatures above 

1 8 O O 0 C ,  ho t  Be0 exh ib i t ed  no tendency toward a r ap id  t r a n s f e r  

of r a d i a n t  energy under t h e  experimental  cond i t ions ,  'I and " the  

a c t u a l  e f f e c t s  produced i n  the  g ranu la r  Be0 material w e r e  con- 

s i d e r e d  t o  r e s u l t  from rad ian t  energy emit ted by t h e  Be0 tube ,  

(1) E. J. Chapin and D. G. Howe: An explora tory  Study of 
Radiant Energy Transport  i n  BeO; NRL Report 6195, U. S .  
Naval Research Laboratory,  Washington, D. C. ;  March 22 
1965. 
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heat ing  t h e  granular  material by a process  of absorp t ion ,  re- 

r a d i a t i o n ,  and conduction -at  contac t  po in t s . "  H i s  conclusion 

t h a t  Be0 becomes more opaque a t  i nc reas ing ly  high temperatures 

i s  suspect  because metallic tungsten w a s  observed t o  d e p o s i t  

onto t h e  b e r y l l i a  from the  heater.  

3. RESULTS Am DISCUSSION 

3.1 Binder Experiments 

An at tempt  was f i r s t  made t o  eva lua te  t h e  e f f e c t s  of t h e  

organic  c o n s t i t u e n t s  used i n  t h e  Zr36 z i r c o n i a  foam composition, 

and t o  optimize t h e  amounts needed. The d a t a  are l i s t e d  

i n  Table I ,  wi th  amounts given as pe r  100 grams Z r O  

loss f i g u r e s  a r e  from t h e  a i r - s e t  t o  t h e  oven-dried state.  

It w a s  found t h a t  polyvinyl  a lcohol  causes  moisture t o  be r e t a i n e d  

w i t h i n  t h e  s t r u c t u r e  a t  room temperature,  whereas d e x t r i n  a i d s  

rooin temperature drying. 

Moisture 2 '  

On t h e  basis of pore s i z e ,  Nos. 3 ,  7 ,  8 and 9 appear t h e  

best. On t h e  basis of f i r e d  dens i ty ,  N o s .  2 ,  3 ,  4 ,  5 and 9 

appear t h e  best. On t h e  b a s i s  of s t r e n g t h ,  N o s .  1, 3 ,  9 and 10 

appear t h e  best. Nos. 3 and 9 appear favorably i n  a l l  t h r e e  

tests. No. 9 corresponds t o  the o r i g i n a l  binder  formulat ion 

used i n  a l l  previous tests with Zr36, b u t  f r o m  No. 3 it appears 

t h a t  PVA could be e l imina ted  with no ill e f f e c t .  

4 
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3.2 S t r eng th  Measurement and V a r i a b i l i t y  

Another series of tests was  run t o  compare var ious  means 

of measuring t h e  s t r e n g t h  of the  f i r e d  foams (Table 11). Modulus 

of rup tu re  of foam No. 34-1-9 was determined us ing  t h r e e  methods 

of loading; t h e  averages of a l l  t h r e e  sets are p r a c t i c a l l y  

i d e n t i c a l .  

s t r e n g t h  (foam No. 16-271-l), t h e  averages w e r e  almost t h e  same, 

I n  comparing modulus of rup tu re  wi th  compressive 

b u t  i nd iv idua l  compressive s t r eng th  readings w e r e  much less 

v a r i a b l e  than ind iv idua lmodu l i .  This  sugges ts  t h a t  a more 

meaningful average s t r e n g t h  c a n b e  obtained f r o m  a few compressive 

s t r e n g t h  va lues  t1.m f r o m  modulus of rup tu re  data .  Future s t r e n g t h  

d a t a  w i l l  be obtained by t h i s  method. 

T a b l e  I1 

COMPARATIVE STRENGTH TEST MEASUREMENTS 

C o d e  # 16-271-1 

Compressive S t r eng th  
(PSI) 

77 73JAvg. 

Modulus of Rupture 
Water Loading 
(PSI 1 

W Shot  Loading 
(PSI) 

81 J 
RPC Tester 
(PSI) 

6 

34-1-9 

103 glL loo 
107 Avg. I 
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3 . 3  Colloidal S i l i c a  Bonding Experiments 

Attempts t o  form an a i r - s e t t i n g  bond i n  z i r c o n i a  foam with 

colloidal s i l i ca  are listed i n  Table 111. Although no real  success  

has been achieved, t h i s  method s t i l l  holds  promise wi th  f u r t h e r  

work on t h e  proper parameters. Amrnonium b ica rbona te  w a s  t r i e d  

because bo th  ammonia and 

bonds. The disadvantage 

of s i l i c a ,  which forms a 

CO are s e t t i n g  agen t s  f o r  t h e s e  s i l i c a  

of t h i s  bond lies i n  t h e  in t roduc t ion  

l i q u i d  phase a t  1775OC wi th  z i r con ia .  

2 

Hence, t h i s  system has no t  been i n v e s t i g a t e d  f u r t h e r  a t  t h i s  t i m e .  

COLLOIDAL 

C o d e  # 

E t h y l  S i l i c a t e ,  % 

PH 

(#I 

s i l i c a  S o l ,  % ( *I 

(as w t . %  s i o 2 )  

D r i e d  S t r eng th  

Green Densi ty  

F i r e d  Densi ty  

Table I11 
_II-- 

S I L I C A  BONDING EXPERIMENTS 

34-4-1 34-4-2 34-10-1 34-10-2 34-11-1 -- -I- __I-- --- 
3.5 7.0 

5-6 5-6 

3.5 

2 

1.0 2.0 1 .0  

3.5 

2 

1 .0  

V e r y  Very 
f r a g i l e  f r a g i l e  

0. 86 1 . 2  

Collapsed Collapsed 

3.5 

4 

1.0 

1.0 

(#) T e t r a e t h y l  O r t h o s i l i c a t e :  Matheson, Coleman & B e l l ,  No. TX-275 
(*) Syton brand: Monsanto Chemical Co.  , No. P-50 
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3.4 Magnesia-Stabil ized Zirconia Foams 

Since t h e  gene ra l  l e v e l s  of s t r e n g t h ,  d e n s i t y  and thermal 

conduct iv i ty  of z i r c o n i a  foams s t a b i l i z e d  by calcium oxide have 

been thoroughly explored i n  t h i s  program w i t h  l i t t l e  prospec t  

of major improvement, it w a s  necessary t o  study o the r  bond 

systems which would also s tabi l ize  t h e  z i rconia .  C a l c i a  had 

been added as p l a s t e r  of P a r i s  (calcium s u l f a t e  hemihydrate),  

forming a hydraul ic  bond which made t h e  foam r i g i d  wi th in  a 

s h o r t  t i m e ,  and then decomposing dur ing  f i r i n g  t o  y i e l d  C a O  

which forms a s o l i d  s o l u t i o n  w i t h  z i rconia .  

so r a p i d ,  however, t h a t  proper mixing t i m e s  f o r  t h e  formation of 

a f i n e ,  r a t h e r  than coarse ,  bubble s t r u c t u r e  could not  be a t t a i n e d .  

The hardening is 

Other oxides ,  such as MgO and Y203, a lso s t a b i l i z e  z i r c o n i a  

i n  t h e  cubic  form so t h a t  it does not  undergo a c r y s t a l l o g r a p h i c  

t ransformat ion  during hea t ing  or cooling. 

oxychlor ide and oxysul fa te  cemen t s  i n  combination with MgC12 or 

MgS04 ( t h e  former being t h e  so-called "Sore1 cements") , t h i s  

suggested a promising means of achieving a foam s t r u c t u r e  which 

would n o t  set as r a p i d l y  iis t h e  p l a s t e r ,  and which would form a 

magnesia-s tabi l ized z i r c o n i a  phase. 

Since MgO forms c m 2 l e x  

I n i t i a l  experiments (Table I V )  showed t h a t  d e n s i t y  and s t r e n g t h  

l e v e l s  comparable t o  those of t h e  l ime-s tab i l ized  foams could e a s i l y  



be produced wi th  M g O  and MgC12. 

proper r a t io  of MgO t o  MgCl and t h e  best type of MgO, w e r e  then  

undertaken (Table V ) .  U n i t e d  Mineral and Chemical C o r p .  MgO 

Some experimentation t o  determine 

2 

(No. 6) w a s  s e l e c t e d  f o r  t r ia l s  because it hardened reasonably 

slowly, and because of i t s  h i g h  p u r i t y .  

Table I V  

MAGNESIUM OXYCHLORIDE BONDING EXPERIMENTS 

Code e 34-4-3 34-4-4 34-4-5 34-4-6 

2.35 4.6 2.35 4.6 M o l  R a t i o  

% Equivalent MgO 2 .1  2.4 4.3 4.8 

M O  
g 1 2  

Densi ty ,  G / c c  
Air-dried 0.30 0.30 0.30 0.30 
Oven-dr ied 0.28 0.28 0.27 0.26 
F i r e d  155OOC 0.87 0.77 Di s to r t ed  Di s to r t ed  

Modulus of Rupture 76 100 
PSI 
Fi red  155OOC (avg.) 

N o t e  : Z i rconia-base compos it ion  
MgO: Whit taker ,  Clark and Danie ls ,  #310, Heavy, U.S.P. 

Other sources of MgO might w o r k  j u s t  as w e l l .  For every 

g r a m  of M g O  powder, 1 cc of 1.23 d e n s i t y  MgC12 s o l u t i o n  (26% 

MgC12) w a s  added t o  t h e  batch.  

The r e s u l t s  are l isted i n  Table V I .  Foaming action was 

excellent,  and mixing could be continued as long as necessary 

9 



Table V 

MAGNESIUM OXYCHLORIDE S E T T I N G  TIMES 

Source of M g O  
(see Note) 

M o l  Ratio 
M ~ O / M +  Hardeninq Time 

1. F i s h e r , e l e c t r o n i c  5.1 Plast ic  a f t e r  24 hrs .  
grade , b o i l e d  i n  
w a t e r  18 hrs .  t o  
form hydioxide 

2. Mg.  N i t r a t e ,  MCB 1.15 Liquid a f t e r  24 hrs .  
#CB488 

3. WCD, #H222 

4. WCD, #1323 

7.4 Hardened 24 h r s . ,  b u t  
l i q u i d  l aye r  on top. 

tacky. 
7.4 Hardened 24 h r s . ,  i n i t i a l l y  

Same as 4. 5. WCD, USP Heavy 7.4 

Same as 4. 6. UMC, 99.96% pure 7.4 

Hardened 24 hrs.  7. Fishe r  , e l e c t r o n i c  3.7 
grade, # ~ - 3 0 0  

8. Mall inckrodt  8 

f i r e d  1000°C 
6.3 Hardened -4-5 hrs .  

9. Mall inckrodt ,  as r e c ' d  6.3 Hardened 18 hrs .  

10. F i she r  , e l e c t r o n i c  2.0 Dried 4-5 hrs .  
grade, f i r e d  85OOC 

N o t e :  MCB = Matheson, Coleman and B e l l  
WCD = Whittaker ,  Clark and Danie ls ,  Inc.  
UMC = United Mineral  and Chemical Corp. 

10 



Table V I  

MAGNESIUM OXYCHLORIDE FOAMS 

C o d e  # 34-13-1 34-13-2 34-14-1 34-16-1 34-16-2 

Dextrin,  wt.% 0 1.0 1.0 0 1.0 

M o l  ra t io  MgO 
MgC1.2 

7.4 7.4 7.4 7.4 7.4 

% Equivalent  MgO 3.4 3.4 3.4 3.4 2.3 

Max. pore s ize ,  mm. 1.0 0.4 0.7 0.5 0.5 

% Drying loss,  24 hr .  4.0 2.0 1.7 22.8 21.9 
Q85OC 

Density , g/cc , 0.92 1.07 1.40 0.96 
as f i r e d  155OOC 

Modulus of rup tu re  437 350 (weak) 82 3 719 
PSI ( f i r e d )  avg. 

B a s i c  formulation c o n s i s t s  of Zr02 powder ( lo t4 ) ,  w a t e r ,  and 

foaming agent.  

Only 2/3 amount of w a t e r  used i n  34-14-1. M g O  w a s  UMC, 99.96% 

pure. 

Percent add i t ives  above based on 100% Zr02. 
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t o  e l i m i n a t e  large bubbles. Dex t r in  w a s  added t o  s a m e  ba t ches  

as an a i d  i n  r e t a i n i n g  maximum foam volume dur ing  the  i n i t i a l  

stages of hardening. I n  m i x  No.  34-14-1, only 67 cc. of w a t e r  

w a s  added f o r  100 g. of Z r O Z l  r e s u l t i n g  i n  a t h i c k  batter and a 

very  w e a k  f i r e d  s t r u c t u r e .  I n  t h e  o the r  mixes, however, us ing  

a r a t io  of 100 cc. w a t e r  t o  100 g. Z r O  , t h e  s t r e n g t h  w a s  much 

improved, by f a c t o r s  of 4 t o  1 2  over t h e  plaster-bonded foams. 

2 

Densi ty  of t h e  foams i s  perhaps no t  as  l o w  as could be d e s i r e d ,  

(0.60-0.70 g/cc) , b u t  f u r t h e r  attenpts w i l l  be msde t o  improve 

t h i s .  

A s i n g l e  foam has s o  f a r  been made us ing  t h e  oxysi l l fa te  

bond (Table V I I )  , with e q u a l l y  promising r e s u l t s .  

-I_- Table V I 1  

MAGNESIUM OXYSULFATE FaAM 

34-18-1 Code # ---- 
Dextr in ,  % 1.0 

10.4 2401 R a t i o  2 MI 0 
MgS O4 

% Equiva len t  M g O  3.3 

Max. pore s i ze ,  mm. 0.5 

Dens i ty ,  as f i r e d ,  
155OoC, g/cc 

0.86 

Mod-~lus of r u p t u r e  , 376 
PSI,  avg. ( f i r e d )  

B a s i c  forinulation same as i n  Table V I .  
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3.5 Thermal Conduct ivi ty  Measurements 

The a t ta inment  of modulus of r u p t u r e  va lues  g r e a t e r  than  

700 p s i  for  t h e  f i r s t  t i m e  has enabled us t o  measure thermal 

conduc t iv i ty  va lues  t o  higher  temperatures than  ever  before, 

wi thout  f a i l u r e  of t h e  specimen a t  t h e  s i g h t  ho les .  The curves  

for t h e  t w o  oxychloride-bonded z i r c o n i a  foams wi th  h i g h e s t  

s t r e n g t h  are shorn i n  F igures  1 and 2. I n  run N o .  908 a maximum 

temperature  of 250OOC (4532OF) w a s  reached, c l o s e l y  approaching 

t h e  mel t ing  p o i n t  of s t a b i l i z e d  z i r con ia .  Run No. 91 w a s  t e r m i -  

na t ed  a t  4000OF only  because of heater f a i l u r e .  

Both curves  dre q u i t e  s i m i l a r  a t  t h e  h igh  end, a l though a t  

lower temperatures  t h e  lower-density material  appa ren t ly  shows 

s l i g h t l y  lower average K values.  The range of conduc t iv i ty  i s  

e s s e n t i a l l y  t h e  s a m e  as shown in runs  Nos. 86 and 9 7 8  Figure  1, 

i n  t h e  prev ious  report. 

I t  seems inc reas ing ly  apparent t h a t  t h e  r a d i a t i o n  component 

of h e a t  t r a n s f e r  does not  increase  n e a r l y  as much a t  high tempera- 

t u r e s  as p r e d i c t e d ,  and may not t u r n  o u t  t o  be a seriow o3stacle 

t o  e f f i c i e n t  thermal  i n s u l a t i o n ,  us ing  foamed ceramic materials 

above 3000OF. The g r a i n  boundaries between oxide particles or 

c r y s t a l l i t e s ,  as w e l l  as t h e  inner s u r f a c e s  of t h e  pores  themselves,  

may s e r v e  w e l l  enough as s c a t t e r i n g  and r e f l e c t i n g  su r faces  t o  
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FIGURE 1 
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FIGURE 2 
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render r a d i a n t  hea t  t r a n s f e r  across  t h e  pore spaces much less 

important than  w a s  p rev ious ly  thought. 

and s c a t t e r i n g  phases apparent ly  s t i l l  have a b e n e f i c i a l  effect ,  

b u t  t h e  magnitude of t h i s  improvement needs t o  be resolved by 

more p r e c i s e  thermal conduct ivi ty  measurements. 

4. PROGRAM FOR NEXT QUARTER 

Metallic reflectors 

The problem of providing s u f f i c i e n t  s t r e n g t h  t o  t h e  f i red  

foam (Task A )  appears co have been solved by t h e  success fu l  

development of magnesium-base cement bonds. S t r eng th  has been 

improved by factors of 4 t o  12 times. 

Work w i l l  be concentrated on diminishing t h e  bulk  d e n s i t y  

of t h e s e  foams, hopeful ly ,  t o  0.70 g/cc or  less, without s ign i -  

f i c a n t l y  s a c r i f i c i n g  s t rength .  Variables such as bond concentra- 

t i o n ,  MgO/salt ra t io ,  rate of hardening, amount of foaming agent ,  

and mixing t i m e  w i l l  be s tudied.  

S ince  metallic coa t ings  on t h e  foam composite seemed t o  

lower t h e  o v e r a l l  hea t  t r a n s f e r  va lue ,  more work w i l l  be done on 

t h i s  l i n e .  Bodies prepared from hollow z i r c o n i a  spheres  bonded 

by a s t a b i l i z e d  z i r con ia  matr ix  w i l l  a l s o  be evaluated. 

The spread i n  ind iv idua l  conduct iv i ty  va lues  (Figures  1 

and 2 )  d e v i a t e s  more frm t h e  average curve than  i s  desirable. 
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. 
* 

With a re-evaluation of the method of measurement, and by com- 

parison of values obtained with new equipment of similar design 

which i s  now under construction, it is  hoped that  more r e l i a b l e  

s t a t i c  measurements can be submitted i n  the next report i n  

s a t i s f a c t i o n  of Task B of t h i s  contract. 
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